. Allozyme differentiation among gopher tortoises (Gopherus): conservation genetics and phylogenetic and taxonomic implications. Can. J. Zool. 72: 1665-1671. The genetic diversity among 18 loci within and among four species of gopher tortoises was investigated using horizontal starch gel electrophoresis. Within species variation ranged from 2 to 4% by direct count and from 2 to 8% by Hardy -Weinberg expectation. Of the loci resolved, 11-22% expressed variation. The northern and southern populations of Gopherus flavomarginatus could not be distinguished. No fixed differences were observed between G . agassizii and G. berlundieri, as reflected in a Nei genetic distance of 0.008. These latter species may be little more than allopatric populations of G. ugussizii. Differentiation between the two remaining species was not extensive; G. polyphemus was only slightly distinct from G. ,flavomarginatus, being separated by a Nei genetic distance of only 0.006. The two pairs of species were separated by an average genetic distance of 0.200. The evolutionaly rates of divergence were observed to be unequal, especially between G. polyphemus and G. flavomarginutus. The overall genetic similarity suggests a relatively recent age of otigin. 
Introduction
Gopher tortoises, genus Gopherus, are widely distributed across southern North America, in both the United States and MCxico. Gopherus consists of four extant species (Crumly 1994 ) and more than a dozen nominal fossil congeners (Auffenberg 1974) . Of the extant species, G . agassizii is distributed from southwestern Utah southward to northern Sinaloa, MCxico, and eastward from the Mojave Desert to south-central Arizona. Gopherus berlandieri occurs in southeast Texas and the adjacent Gulf Coast of MCxico. Gopherus polyphemus is found from the extreme south of South Carolina to the extreme east of Louisiana and most of Florida, and G . Jlavomarginatus is restricted to the Chihuahuan Desert of MCxico (Auffenberg and Franz 1978) . Recently, Ottley and -.
-. .,. Velazques Solis (1989) mistakenly described a new species, G . lepidocephalus, from the Cape Region of southern Baja California Sur, MCxico. They incorrectly diagnosed a population of G . agassizii that had been introduced into a park (Crumly and Grismer 1994) . No subspecies have been described for any recognized species.
'Author to whom all correspondence should be addressed Gopher tortoises have a substantial fossil distribution and geological history (Auffenberg 1974; Bramble 1982; Crumly 1994 ) dating back to the Oligocene Epoch. The paleontological record of this genus is perhaps more complete than that of any other extant genus of North American chelonian. Osteological features of the gopher tortoises, coupled with their chin glands and behavior, yield numerous synapomorphies, affirming monophyly and sequestering their early divergence from other testudinids (Gaffney and Meylan 1988) .
The systematics of gopher tortoises, both fossil and living, are controversial, ranging from invalid species descriptions to the generic allocation of extant species. Bramble (1982) split the gopher tortoises into Scaptochelys spp. and Gopherus spp., with S . agassizi, S. berlandierz, G . polyphemus, and G . Javomarginatus as living representatives. Later, Bour and Dubois (1984) pointed out that Scaptochelys was a junior synonym of Xerobates. Subsequently, Crumly ( 1984 Crumly ( , 1994 recommended suppression of Xerobates because it could not be defined by synapomorphies, but rather by symplesiomorphies. Herein, we follow Crumly 's taxonomy.
Molecular investigations of genetic diversity have been pursued partly because of conservation efforts. In the past CAN. . I . ZOOL. VOL. 72,1994 9 years four studies have examined aspects of genetic differentiation using molecular methods. Jennings ( 1985) . Glenn et al. ( 1990) , and Rainboth et al. (1989) confined their studies to G. agassizii. Rainboth et al. (1989) , in the most comprehensive allozyme study, noted that characterization of the population genetics of G. agassizii is a prerequisite for appropriate captive propagation, relocation, and strategic placement of preserves to effectively maintain genetic diversity. In the fourth study, Lamb et al. (1989) characterized all four extant species in terms of mtDNA restriction fragment length polymorphisms. Genetic comparisons such as these provide an important context, both historical and demographic. Extrapolations may be made from one species of Gopherus to another, especially when conservation decisions need to be made quickly and life-history data for one particular taxon are incomplete. Such evaluations seem critical. For example, Gibbons ( 1986) concluded that an inadequate baseline biology for G. agassizii precluded effective life-history and demographic modeling. However, some of this information is available for congeners. Genetic information would assist conservation planners in choosing the most appropriate species or population from which to extrapolate. This is especially true if the life-history traits of the other species were mapped onto a cladogram to obtain predictions about evolutionary ecology (Brooks and McLennan 1991 ) . All four species of gopher tortoises are suffering population declines. These range from local extirpations to widespread decimation caused by epizootic disease and massive habitat fragmentation and degradation (see Berry 1989; Rose and Judd 1989; Diemer 1989; Morafka et al. 1989 The tortoises are being protected, but protection alone may not be enough. Perhaps, as for many other threatened and endangered species, at least some species of tortoises may survive only through captive propagation and informed management that considers the maintenance of high genetic diversity, among other variables.
Herein we provide an allozyme-based survey of genetic variability and differentiation among the four extant species of gopher tortoises. Our survey is based on whole blood, because it obviated the necessity for sacrificing specimens. Our investigation includes a comparison of northern and southern populations of the endangered G. flavornarginatus.
Materials and methods
Tissue samples consisted of 1-3 mL of whole blood, which were initially frozen in liquid N2 and subsequently stored at -75°C. Blood samples were drawn by syringe (25 gauge needle) from either the scapular vein or the brachial artery of the axillary region (Avery and Vitt 1984) or from either the carotid artery or the jugular vein of the lateral neck (Jacobson et al. 1992) . All samples were taken from wildcaught individuals, except for G. agassizii and northern G. flavomarginatus. These were captives being maintained in semi-natural outdoor habitats in the vicinity (within 60 km) of their original sites of collection. Species (sample size) and collecting data are as follows: 
' t
Ecologia, Chihuahua, MCxico, 25 June -5 July, 1986. A single specimen of Geochelone chilensis, purchased from a commercial 5 supplier, was initially included as an out-group. No voucher specimens were kept. The identity of the individuals and the location of their respective populations are not in question, and thus sacrificing was not justified. Moreover, all taxa are currently protected at state and (or) federal levels of jurisdiction.
Horizontal starch gel electrophoretic methods follow those of Murphy et al. ( 1990) . Electrophoretic conditions and locus nomenclature follow those of Rainboth et al. (1989) , with minor modifications. We resolved enzymatic products of esterase-D (Est-D; EC 3.1.1.-; Harris and Hopkinson 1976) on a Tris-citrate-EDTA buffer system, and the mitochondria1 form of superoxide dismutase (mSod-A) on the buffer systems of Rainboth et al. (1989) ; Rainboth et al. (1989) did not resolve either of these loci. In addition, as well as following the methods of Rainboth et al. (1989) , the enzymatic products of L-lactate dehydrogenase and hemoglobin (HB) were resolved on the Tris-citrate-EDTA buffer system, and HB was also examined on a Tris-borate-EDTA buffer system. Our allelic nomenclature follows Murphy and Crabtree (1985) .
Our genotypic data were evaluated using ~10sYs release 1.6 (Swofford and Selander 1989) . All loci were evaluated for conformance to Hardy -Weinberg expectations, genetic polymorphism, and genetic structuring using Wright's F statistics. Genetic divergence was also examined by calculating the genetic distance coefficients of Nei (1978) and Rogers (1972) , with subsequent clustering of the latter using the Distance Wagner procedure (Farris 1972) .
Results
Thirteen enzyme systems encoded by 18 loci were resolved for all in-group taxa (Table 1) but not necessarily for all individuals. No alleles were observed to be shared between any of the four species of Gopherus and the Geochelone chilensis specimen. Consequently, the out-group data were dropped from further consideration. (In many cases the enzyme products for Geochelone chilensis were inadequately resolved on the buffer systems used for Gopherus). No fixed differences were observed between G. berlandieri and G. agassizii, and only one apparent fixed difference separates G. polyphernus and G.
flavornarg~nar~ls ( s~o d -A ' ) .
The only variation separating the former two taxa was the presence of relatively rare alleles and resulting differences in genotypic (and gene) frequencies (Table 1) . A relatively low level of genetic divergence was observed among the species. The two phenetically similar pairs were separated by two apparently fixed differences at Est-D and Pep-A, both typically highly variable loci. These differences are summarized as genetic distance coefficients of Rogers (1972) and Nei (1978) (Table 3 ).
The extent of locus polymorphism is given in Table I . The average heterozygosity per individual is about 2-4% based v b on direct count, and 2-8% based on the Hardy-Weinberg equilibrium. The discrepancy indicated a heterozygote defi-C ciency as discussed below. The level of variability is comparable to that observed for many vertebrates, especially sit-and-wait predatory lizards (Gorman et al. 1977) , although lower than that reported by Rainboth et al. (1989) for G. agassizii. The estimations are neither particularly high nor low. Despite the rather small sample sizes for some taxa, the estimates would seem to be reasonably accurate based on both ( 3 ) aa ( 6 ) aa ( 3 ) aa ( 7 ) aa (6) aa ( 6 ) bb ( 6 ) bb ( 6 ) aa ( 6 ) aa (26) aa ( 3 ) aa ( 6 ) bb ( 4 ) a a ( 1 ) bc ( 2 ) a b ( 1 ) bb ( 5 empirical (Gorman and Renzi 1979) and theoretical (Nei 1978) grounds. The number of loci expressing variation within populations ranged from 1 to 4, or 5.6-22.2%, using a 5% frequency cutoff level (Table 1 ) , or from 11.1 to 22.1 % with a 1 % cutoff level. The two populations of G. flavomarginntus were highly concordant in expressing similar amounts of variation and in having the least amount of variation among all taxa sampled. Despite comparable sample size, G.flavomarginatus displayed only one-half to one-fourth as many polymorphic loci as reported for all other species. This species has both the smallest distribution and lowest absolute numbers. The pair G. berlandieri and G. agassizii were similarly consistent in having equivalent amounts of genetic variation, although this is only half as much as that observed in G. polyphemus.
Our Hardy-Weinberg estimations showed one locus to be problematic in G. agassizii, mMdh-A ( p < 0.006), and two in G. polyphemus, slcdh-A ( p < 0.057) and Pk-A ( p < 0.000).
In both cases, a deficiency in heterozygotes may be responsible. However, these results are neither surprising nor unexpected, considering the relatively small sample sizes of these two taxa and that such reports are not atypical (e.g., Aguillar-S. et al. 1988) . Among the species of Gopherus, Fi, values ranged from -0.333 (sMdh-A) to 1.000 (mMdh-A). Four values of this statistic indicated heterozygote deficiencies, whereas three others suggested a slight heterozygote excess (Table 2) . Treating the five groups theoretically as demes within the same population, it may be safely assumed that gene flow exists neither between the two subgroups nor between G. polyphenzus and G. flavomarginatus. However, the relationships between G. agassizii and G. berlandieri remain problematic. Similarly, Fit values vary widely by locus, from -0.053 (sMdh-A) to 1.00 (Pep-A, Hb-B, Est-D, and n~Mdh-A), with an average of 0.768. These values also indicate that the taxa are not part of a panmictic gene pool. Rainboth et al. (1989) between Mo.jave Desert populations of G. agassizii (D = 0.007). In contrast, Our assessment of genetic diversity and variability among gopher tortoises by means of blood, has provided a surprisingly complex and revealing data set while using small sample sizes obtained with a minimum of trauma or pathological risk to the animals. The blood samples were collected in conjunction with investigations of blood chemistry and cell counts for evaluations of state of health. Our study took advantage of the simultaneous collection of blood and we encourage parallel studies with other taxa at risk of extinction.
From our data-base of 18 loci and the results derived from them, a number of questions may be addressed, all of which are of significance to the conservation of the gopher tortoises. Among them, the following issues are preeminent: (i) fixed allelic differences generally fail to separate gopher tortoise populations and are uncommon even between different species; (ii) differentiation of species-specific genotypes is only modestly developed, much less so than predicted by paleontological reconstructions of gopher tortoise genealogy; (iii) evolutionary rates of allozyme change may have been unequal; and (iv) G. berlandieri may be little more than an allopatric dwarf subspecies of G. agassizii.
Regarding the first issue, within G. flavomalginat14s virtually no differences, even at the level of allele frequency, were detected even though the two populations are separated by nearly 100 km by the intervening dry lagunas Del Rey and 4 Palomas. Because these playas have filled, expanded, and receded several times within the last 10 000 years, terrestrial v connections between northern and southern populations were probably intermittently reestablished (Morafka 1988) . Even the allopatric and distinct G. berlandieri could not be separated from G. agassizii by fixed allozyme character states. Our data suggest that considerable relocation of conspecific individuals might take place as part of conservation efforts without posing a high risk of outbreeding depression. However, this finding is contradictory to those of Lamb et al. (1989) ; substantial differentiation among populations of G. agassizii occurs in the mitochondrial genome. Our observations have applications or relevance within an allozyme context only. Ecological, demographic, epidemiological, and ethnological considerations might also lead to conclusions that differ from our limited data set. We would not recommend relocation programs until additional data are available.
Regarding points ii and iii above, Bramble (1982) suggested that the "Gopherus" (sensu stricto) stock diverged from the "Scaptochelys (Xerobates)" stock in the early Miocene, about 10-20 million years ago. Scaptochelys had its origin in the middle Oligocene. This date of divergence contrasts strongly with Auffenburg's (1976) earlier conclusion that it occurred no later than middle Pleistocene. Auffenburg's minimum estimation may be too recent, given the very polyphemus-like fossils that he described (1974, 1976) from the Late Pliocene of Texas. However, even a middle Pliocene event would bring forward differentiation of the two lineages by 10 million years relative to Bramble's Miocene hypothesis.
Our genetic data seem germane to this debate. It seems highly unlikely, even when compared with other vertebrates, and especially with "reptilian" mtDNA distance values, that these molecular rates could be reconciled with the fossil record. Murphy (1983) found that a Nei genetic distance of 1 equaled about 19 million years of divergence, at least among lizards. If this rate of divergence is applicable to our tortoises, then the divergence of the turtles should have occurred sometime during the past 4 million years or less, i.e., around the Miocene-Pliocene boundary. A more recent date would seem likely, because most of the divergence is based on two rapidly evolving loci. However, numerous convincing arguments about the invalidity of a molecular clock (summarized by Hillis and Moritz 1990) compel us to be extremely cautious in applying molecular clocks to estimate the antiquity of speciation events in the history of the genus. A strict application of the molecular clock is eliminated, because of the unequal rates of evolution between compared lineages (Fig. 1 ) . Even though strict application of the clock is not justified, the discovered divergences are small by almost any calibration of known vertebrate rates. Our findings are far more consistent with the mtDNA divergence estimates of Lamb et al. (1989) , who suggested that virtually all differentiation occurred within the last 5 million years, than they are with the fossilbased estimation of middle Oligocene made by Bramble (1982 ). (T. Lamb, 1994 that revised estimates may place the divergence of the two species pairs in the Miocene, about 10 million years ago.) Admittedly, it is treacherous to calibrate mtDNA distances against standard vertebrate rates, especially when reptile taxa divergences are estimated against a mammalian standard. Higher metabolic oxidation rates might accelerate mutation considerably in mammals (Martin et al. 1992; Avise et al. 1992) , and similar changes might require a time interval of a greater order of magnitude in poikilothermic vertebrates (such as sharks).
Given the arbitrary midpoint rooting of the largest distance of our tree (Fig. 1 ) , and the theoretical implications about the inability to interpret distance data phylogenetically (e.g., Farris 1981), we do not consider this summary of similarities to be a phylogenetic hypothesis. Rather, we believe that our distance analysis resulted in a phenetic tree free from the assumption of equal rates of change among all lineages. Moreover, gene frequencies, the source of all genetic distance coefficients, are not heritable characteristics and should not be used in the reconstruction of genealogical relationships (Murphy 1993) . Consequently, our tree is a phenogram, one that more accurately depicts the similarity values in Table 3 . Notwithstanding this philosophical interpretation, the separation of the two pairs of species is clear. It appears that rates of allozyme evolution have been unequal when different lineages are compared. If we assume that the midpoint root of the tree is correct, then there has been a relatively slow rate of change in G. ,flavomarginatus relative to G . polyphemus and the other Gopherus spp. However, it is equally likely that there has been a particularly rapid rate of change in G. polyphemus and that the root of the tree occurs at the midpoint between G.,flavomarginatus and the G. herlandieri -G. agassizii pair; our data do not differentiate between these two hypotheses.
Finally, the taxonomic relationship of G. herlandieri to G. agassizii has been discussed rarely. Mertens and Wermuth (1955) suggested the subjugation of all extant species of Gopherus as subspecies of G. polyphemus, a position not specifically defended in their text, and one generally rejected by subsequent workers. Yet, morphologically the Mojave Desert G. agassizii is little more differentiated from G. herlandieri than it is from Sonoran Desert conspecifics (see Germano 1989) . These variances include subtle differences in carapace ground color, the bifurcation of the male gular shields, hind foot and head shape, and adult shell size and depth. Lamb et al. (1989) found that two of five G. agassizii lineages and G. herlandieri show comparable, nearly identical genetic distances based on mitochondrial DNA restriction fragment data. Furthermore, it has long been known that captive G. agassizii and G . herlandieri can "hybridize" (Woodbury 1952; Mertens 1964; Watson 1993) . Apparently, the 500-km gap between their ranges (from Benson, Arizona, to Del Rio, Texas) was reduced or even closed as recently as 20 000 years ago. At this time, G. agassizii ranged into the Lake Wisconsin of eastern New Mexico and western Texas (VanDevender et al. 1976) . Gopherus herlandieri was probably not displaced to the south during this time but rather remained proximate to Texas G . agassizii (Morafka 1977 (Morafka , 1994 . The overall similarity of Sonoran Desert populations of G. agassizii and G. herlandieri, combined with the greater differentiation of Mojave Desert G. agassizii, suggests that the former species may not be monophyletic. This was also noted by Lamb et al. (1989) . In order to resolve the taxonomic implications of these data, i.e., the synonymization of G. berlandieri into G. agassizii, a detailed geographically broad-based phylogenetic investigation is required.
The practical implications of these close relationships are severalfold. The robust G. herlandieri populations of south Texas might provide some insight into optimal environments for G. agassizii. This might include whether or not the Pleistocene habitats are preferable to those to which G. agassizii is currently restricted. Similarly, ecological, demographic, and ethnological information that has already been established for one of the two species might well be extrapolated to the other when direct evidence is not available. However, such attempts should be employed only when absolutely necessary and with consideration for fundamental differences in climate, shelter, primary productivity, and body size differences.
